Abstract-Full wave optimization is implemented to design a wide band transition from shielded stripline to ridge waveguide. A bandpass ridge waveguide filter, with input/output realized through tapped-in stripline is designed. Using rigorous mode matching technique the generalized scattering matrices of all the building blocks are obtained. Design procedure is described and examples are given to demonstrate the features of the tapped-in coupling structure. The tapped-in structure results in a considerable reduction of the filter's total length compared to the use of two transitions.
INTRODUCTION
In modern communication systems, there is a growing need for small size, light weight and compact high performance RF/microwave elements. Since large areas in the printed circuit boards of systems are usually occupied by passive components, integration of the passive components into multilayers substrates [1] is an efficient way to miniaturize the size and to increase the reliability of the RF/microwave systems. RF and microwave filters are very important passive components, among which, 3-D cavity filters usually offer lower loss characteristics compared to the planar circuits [2] . Ridge waveguide filters are characterized by large single mode broadband operation because the dominant mode cutoff frequency of the ridge waveguide is smaller than that of a rectangular waveguide with the same cross section. Ridge waveguide filters also have low loss, high spurious performance and compact size. The design of ridge waveguide filters suitable for multilayers applications can be found in [3] [4] [5] . Fig. 1 (a) [5] shows the configuration of a typical ridge waveguide filter using single ridge waveguide resonators. The coupling between each two resonators is achieved through a section of evanescent mode rectangular waveguide, operating below the cutoff frequency of the dominant mode of the single ridge waveguide. This configuration of ridge waveguide filters yields compact filters with moderate to wide bandwidth and good spurious performance. Transitions from the single ridge waveguide at the input and the output to the stripline as shown in Fig. 1 (b) [4] is needed to make the filter compatible with other components in multilayers packages. Very good results were obtained for filters designed according to the configuration in Fig. 1 . However, the input/-output ridge waveguides to the 50Ω stripline transition involves long multisections of striplines, redundant ridges and evanescent sections at the input and the output increasing the filter's total length. In this paper, mode matching is applied to get the generalized scattering matrix of the stripline to ridge waveguide discontinuity. Full wave modeling and optimization of the transition from a 50Ω stripline to ridge waveguide is presented. Also, it is shown how to replace the input and output sections and transitions by direct tapped connections to the first and the last resonators as shown in Fig. 2(a) . In the examples, the resulting total filter's length reduction is between 36% and 
70%. The full wave mode matching technique is used to obtain the generalized scattering matrices of all the building blocks. The building blocks are cascaded together to get the total filter's response. Full wave optimization is used to get the optimum filter's response.
MODELING
The filter shown in Fig. 2(a) is decomposed into building blocks characterized by their generalized scattering matrices. The building blocks
Figure 2. (a)
Configuration of a N poles ridge waveguide filter excited by a tapped-in 50Ω stripline. Dimensions:
Generalized scattering matrices building blocks.
as shown in Fig. 2(b) are the discontinuity from the stripline to the ridge waveguide [S sr ], the discontinuity from the ridge waveguide to the rectangular waveguide [S rw ] and [S wr ] is the discontinuity from the rectangular waveguide to the ridge waveguide. The filter shown in Fig. 1(a) requires the same building blocks in addition to the discontinuity from a stripline to a stripline [S ss ]. The generalized scattering matrices of these building blocks are obtained using the full wave mode matching technique. Before applying the mode matching, the eigenmodes in the stripline and in the ridge waveguide must be found.
Eigenmodes
The modes in the stripline are TEM, TE and TM modes, while, the modes in the ridge waveguide are TE and TM modes. For each of these modes, eigenfields within the guides are to be found first. The approach of getting the eigenmodes and their field distributions can be found in [2] .
Generalized Scattering Matrix
After obtaining the eigenmodes and the corresponding field components, the mode matching technique is applied to obtain the generalized scattering matrices of all the discontinuities involved. At each side of a discontinuity, the fields are expressed as the superposition of the incident and the reflected waves of all the eigenmodes that are orthogonal and constitute a complete set of basis functions. By applying the boundary conditions at each discontinuity and performing appropriate inner products of these eigenmode fields, the generalized scattering matrices of the discontinuities are obtained. The discontinuity from ridge waveguide to empty waveguide is found in [8, 2] . The discontinuity from stripline to ridge waveguide is modeled next.
Stripline to Ridge Waveguide Discontinuity
The eigenmodes and their field distributions are used with a full wave modal analysis to characterize the discontinuity between the stripline and ridge waveguide (Fig. 3) . The continuity of the tangential electric field at z = 0 gives:
and the continuity of the tangential magnetic field gives:
where ( e s ti , h s ti ) are the tangential fields of the ith mode of the stripline, ( e rh ti , h rh ti ) and ( e re ti , h re ti ) are the tangential fields of ith TE and TM modes of the ridge waveguide respectively the z components of the fields are given in the appendix, N s is the total number of modes (TEM, TE and TM) in the stripline, N h r , N e r number of TE and TM modes of the ridge waveguide respectively. Taking inner product to electric field continuity equation (1) with the magnetic field from the side with larger effective cross section (stripline) and taking inner product to the magnetic field continuity equation (2) with the electric field from the side with smaller effective cross section (ridge waveguide) give the following:
where
rq ti , q = TE,TM, t denotes the transpose of a matrix and the mutual inner product elements are defined as:
From (3), (4), the generalized scattering matrix relating the incident and reflected coefficients is given by:
where B 
Stripline to Ridge Waveguide Transition
Transition from the input/output ridge waveguide to a 50Ω stripline are needed to make such filters, as shown in Fig. 1(a) , compatible with other components in multilayer packages. The ridge waveguide and the stripline could have very similar field distributions. For the ridge waveguide, the field is concentrated under the ridge and for the stripline, the field is mainly concentrated beneath the center conductor. The transition from the ridge waveguide to the stripline must be designed such that more energy can flow smoothly from the ridge waveguide to the first section of the stripline. The two lines must have the same impedance at the center frequency of the filter, this gives the width of the stripline. A quarter-wave transformer is used to match the stripline connected directly to the ridge to the stripline with standard 50Ω impedance. Fig. 4(a) , shows the configuration of two back to back transitions, each transition consists of N striplines sections. The generalized scattering matrices building blocks as shown in Fig. 4(b) are the discontinuity from stripline to stripline [S ss ] and the discontinuity from stripline to the single ridge waveguide [S sr ]. The rigorous modal analysis is implemented to develop a software code to get an optimum design of stripline to ridge waveguide transition. The two back to back transition model used here, helps to test the quality of the transitions, and examine the effect of the input/output ridge length on the total response when a transition is used to match the filter. For example, when the filter of the configuration shown in Fig. 1(a) is placed between two transitions, the input/output ridge's length may degrade the return loss. It is required to consider this length as an optimization variable when the transition is connected to the filter.
Filter Design
The dimensions of the evanescent mode waveguide are determined so that its fundamental mode cutoff frequency is much higher than the filter operating center frequency. All, the ridge waveguides are chosen to have the same cutoff frequencies. The filter design consists of two steps. The first is the prototype synthesis to get the required impedance inverters [7, 8] for the inner sections of the filter and to realize the required input/output coupling. A modification factor [4] is introduced to modify the fractional bandwidth of the synthesized filter that turns out to be wider than the desired bandwidth due to dispersion effects and large bandwidth that are not considered in [7] . Fig. 5 shows the configuration and the corresponding building blocks used to compute the input/output coupling. For a single coupled resonator that has the equivalent circuit in [9] the coupling is related to the frequency and the phase angle by the following equation:
where φ is the phase angle of the input reflection coefficient obtained at the reference plane t−t, ω l is the loaded resonant frequency, λ =
and R is the normalized (w.r.t. the resonator characteristic impedance) input/output coupling. R can be expressed as:
The slope dφ/dω is maximum when ω = ω l and this gives the following relation to get the coupling in terms of the maximum slope variation and the loaded resonant frequency:
The coupling bandwidth in MHz is defined as:
The stripline dimensions are changed until the required coupling is achieved. The second step is the full wave optimization to get the optimum filter parameters. As described in [6, 8] , an objective function is defined and is minimized efficiently using a gradient optimization method together with a numerical interpolation technique.
NUMERICAL RESULTS

Stripline to Single Ridge Waveguide Discontinuity
A computer program was developed to calculate the generalized scattering matrix [S sr ]. Fig. 6 , shows the convergence of the scattering parameters of the dominant mode on each side of the discontinuity from stripline (port 1) to a single ridge waveguide at 10.0 GHz. The number of basis functions is N b and the number of modes in each side of the discontinuity is N (N s = N r ). It was found that N b = 12 and N = 10 are sufficient for convergence in most of the cases studied. Fig. 7 presents the S-parameters of the discontinuity between stripline and ridge waveguide. The results are in good agreement with those obtained from a commercial FEM software [10] . at the input and output of the filter shown in Fig. 1(a) , it is necessary to include the input/output ridge's length as an optimization variable to get a good return loss in the passband.
Back to Back Transitions
Input/Output Coupling
In order to eliminate the transitions and reduce the overall filter length, the input/output coupling may be realized as a direct tapping of the stripline to the ridge waveguide. Fig. 9 shows the variation of the coupling in MHz and the loaded resonant frequency as a function of the tap-in position while the stripline width is held fixed. This curve shows that the coupling is a maximum (1860 MHz) when the stripline is tapped at the bottom of the ridge, as the stripline is shifted up toward the ground plane, the coupling is rapidly decreasing to a minimum (56 MHz). Correspondingly, the loaded resonant frequency goes down by 97 MHz. Fig. 10 shows the variation of the coupling in MHz and the loaded resonant frequency as a function of the stripline width while the tap-in position is held fixed. This curve shows that as the stripline width gets wider the coupling increases. While the loaded resonant frequency decreases. As the tap-in position or the stripline width is changed the stripline's characteristic impedance also changes. To keep the stripline's impedance at 50Ω and to achieve the required coupling simultaneously, it is required to optimize for both the tap-in position and stripline's width simultaneously.
Filter Design
Few filter design examples are presented to show the application of the tap-in stripline and its advantage in filter's length reduction. The first example compares two 5 poles ridge waveguide bandpass filters, one filter with transitions ( Fig. 1 ) and the other with tapped-in (Fig. 2) . Both filters have 6.175 GHz center frequency, 0.5 GHz bandwidth, and input coupling R = 1.402761. Fig. 11 shows a comparison of the inband and the out-of-band frequency response of the two filters. The total length of the filter with input/output transitions is 2223.5 mils and the tapped-in filter has a total length of 1415.1 mils (reduction of 36.5% in length). A second example compares two 5 poles ridge waveguide bandpass filters, both have 6.175 GHz center frequency and 1.8 GHz bandwidth. Fig. 12 shows a comparison of the in-band and the out-of-band frequency response of the two filters. The filter with input/output transitions has a total length of 3038.1 mils and the tapped-in filter has a total length of 928.3 mils (a 70% reduction in length from the conventional filter). Another interesting application of the same topic is the interdigital bandpass filters. From the analysis point of view, interdigital filters can be modeled exactly the same way as double-ridge waveguide filters. This concept can be well illustrated in Fig. 13 , where the cross sections (transverse to the direction of propagation) of the interdigital filters are related to that of double-ridge waveguide filters. To demonstrate the feasibility of this concept, an 8-pole interdigital filter with center frequency 2.14 GHz and 152 MHz bandwidth is designed and manufactured. The input and output of the filter are realized using tapped-in lines [11, 12] . The detailed dimensions are shown in Fig. 14. The simulated response using rigorous mode matching technique is included in Fig. 15 . Fig. 16 shows the experimental results which is in good agreement with the simulated response. 
CONCLUSION
Full wave analysis is applied to model the discontinuity between a shielded stripline to a ridge waveguide. Numerical results for the convergence, and scattering parameters of the discontinuity are presented. Full wave optimization is used to design transitions from a 50Ω stripline to ridge waveguide.
A bandpass ridge waveguide filter with 50Ω tapped-in stripline is proposed for multilayers compact package. The mode matching technique is used to obtain the generalized scattering matrices of all the building blocks of the tapped-in ridge waveguide filter. Full wave optimization follows to get the optimum filter parameters. It is shown that the tapped-in ridge waveguide filter results in a significant length reduction compared to the conventional filter with input/output transitions. The accuracy of the numerical results are checked by comparison with HFSS and experimental data. 
APPENDIX A.
For the stripline, the scalar potential of the TEM mode, the z components of the magnetic field (for TE mode) and the electric field (for TM mode) in each region in Fig. 3(c) are given as follows: For TEM mode:
For TE mode: 
